Introduction
============

The dysregulation of protein synthesis by oncogenes and tumor suppressor genes is a common event in cancer ([@b1-ijo-56-02-0430]) The therapeutic targeting of the translational machinery has thus become an area of substantive interest for cancer therapy. In this respect, a number of small molecules/compounds have been discovered to target various components of the translational apparatus ([@b2-ijo-56-02-0430]).

Mitogen-activated protein kinase (MAPK)-interacting serine/threonine kinases (MKNKs) 1/2 (MKNK1/MKNK2) control translational initiation through the phosphorylation of eukaryotic initiation factor 4E (eIF4E) ([@b3-ijo-56-02-0430],[@b4-ijo-56-02-0430]). MKNK1 is recruited to eIF4E through the binding of eIF4G ([@b5-ijo-56-02-0430]). When phosphorylated, eIF4E binds to other components within the initiation complex to begin translation ([@b6-ijo-56-02-0430]). Of note, fragile X mental retardation protein (FMR1) has been shown to regulate the translation of specific mRNAs through its binding to eIF4E ([@b7-ijo-56-02-0430]). Higher levels of phosphorylated eIF4E have also been reported to increase the rate of development and progression of various types of cancer ([@b6-ijo-56-02-0430]). Upstream events that activate ERK/MAPK and p38 kinases have been shown to phosphorylate residues Thr209 and Thr214 in MKNK1 and Thr244 and Thr249 in MKNK2 ([@b4-ijo-56-02-0430],[@b8-ijo-56-02-0430],[@b9-ijo-56-02-0430]). While the phosphorylation and activation of eIF4E are necessary for oncogenic transformation, knockout experiments have revealed that both MKNK1 and MKNK2 are dispensable for normal development ([@b10-ijo-56-02-0430]). Targeting eIF4E may therefore be an effective strategy for cancer therapy with minimal side-effects ([@b11-ijo-56-02-0430]).

Friend virus-induced Leukemia-1 (FLI1) transcription factor (TF) is a potent oncogene that drives the initiation and progression of leukemia and other types of cancer ([@b12-ijo-56-02-0430]-[@b15-ijo-56-02-0430]). During oncogenesis, FLI1 alters a number of hallmarks of cancer, including proliferation, apoptosis, differentiation, angiogenesis, genomic stability and inflammation ([@b15-ijo-56-02-0430]-[@b17-ijo-56-02-0430]). Thus, the therapeutic targeting of FLI1 is an attractive strategy. Accordingly, several classes of compounds with a potent anti-FLI1 activity have recently been identified ([@b18-ijo-56-02-0430]-[@b22-ijo-56-02-0430]). Among these, two flavagline-like compounds exhibiting potent FLI1 inhibition were also identified ([@b22-ijo-56-02-0430]). These compounds suppress c-Raf-MEK-MAPK/ERK signaling, resulting in the reduced phosphorylation of eIF4E and the inhibition of FLI1 protein synthesis.

The present study, at least to the best of our knowledge, demonstrates for the first time that FLI1 is capable of binding to the promoter of *MKNK1*, directly activating MKNK1 transcription and subsequently, the phosphorylation of eIF4E. Thus, these results highlight the use of FLI1 inhibitors for the suppression of protein translation for the treatment of cancers overexpressing this TF.

Materials and methods
=====================

Cell lines and drug treatment
-----------------------------

Mycoplasma negative erythroleukemia cell lines (human HEL \[ATCC-TIB-180\] and K562 \[ATCC-CCL-243\]; mouse KH16, CB7 and DP17 (generated by the authors and others) ([@b13-ijo-56-02-0430],[@b18-ijo-56-02-0430]) were cultured and maintained in Dulbecco's Modified Eagle Medium supplemented with 5% fetal bovine serum (HyClone, GE Healthcare).

For drug treatment, the HEL cells were treated with 3 *µ*M of A1544, A1545 ([@b22-ijo-56-02-0430]) and CGP57380 and 24 h later subjected to either western blot analysis or RT-qPCR. The drug CGP57380 was obtained from Selleckchem. The drugs were dissolved to a stock solution of 2 mM in dimethyl sulfoxide (DMSO), diluted to concentrations indicated in the text and used in treatments. DMSO was also used as a vehicle control.

The K562-fli-1 inducible cell line was generated by the authors, as previously described ([@b18-ijo-56-02-0430]). To induce FLI1, 10^6^ cells were treated for 24 h with 10 nM of doxycycline (Cat. no. D8960-5g, Solarbio) and used in the experiments described below.

Gene cloning, transfections and luciferase activity
---------------------------------------------------

To clone the *MKNK1* promoter, various regions of the *MKNK1* promoter (for details please see [Fig. 2B](#f2-ijo-56-02-0430){ref-type="fig"}) were isolated by qPCR (the list of primers is presented in [Table SI](#SD1-IJO-56-02-0430){ref-type="supplementary-material"}) and cloned into the luciferase reporter vector PGL3 (Promega), as previously described ([@b21-ijo-56-02-0430]). These promoter vectors (1 *µ*g) with either MigR1 (1 *µ*g) or MigR1-FLI1 (1 *µ*g) were transfected into 293T cells (ATCC-CRL-3216) using Lipofectamine 2000 (Life Technologies; Thermo Fisher Scientific) following the manufacturer's protocol. *Renilla* luciferase was used in transfection as an internal control to examine the transfection efficiency, according to the manufacturer's recommendations (Promega). The transfected cells were then plated 8×10^3^ cells/well into 96-well plates and luciferase activity was determined, as previously described ([@b21-ijo-56-02-0430]).

The DP17 (1×10^6^) cells were transfected with MigR1-FLI1 (2 *µ*g) and MigR1 (2 *µ*G) vector, using Lipofectamine 2000, and cells were then selected for neomycin resistance by growing the cells in medium containing G418 (0.8 mg/ml; Gibco; Thermo-Fisher Scientific).

Chromatin immunoprecipitation (ChIP) analysis
---------------------------------------------

For ChIP assay, CB7 cells were washed, crosslinked with formaldehyde, resuspended in lysis buffer Magna Chip G kits (Millipore) and fixed cells sonicated using the Sonics Vibra VCX150 (Scientz Biotechnology). At this stage, a portion of chromatin aliquot was removed for input control. To the isolated chromatin protein G sepharose beads was added followed by incubation for 1 h at room temperature. Immunoprecipitations were performed overnight at 4̊C with 1 *µ*g of FLI1 antibody (Cat. no. ab15289, Abcam) or non-specific normal rabbit immunoglobulin G (IgG; Cat. no. 2729, Cell Signaling Technology) antibodies. Precipitates were then washed and reverse crosslinked, using the instructions provided with the Magna Chip G kits (Millipore). Precipitated chromatin was then incubated with proteinase K at 50°C for 2 h, DNA-purified with phenol chloroform extraction and resuspended in TE buffer. RT-qPCR was performed to amplify the *MKNK1* promoter regions containing FLI1 binding site 1 (position -482 to -205) and for negative ChI control (position −730 to -453). The sequences of the ChIP primers are presented in [Table SII](#SD1-IJO-56-02-0430){ref-type="supplementary-material"}. The percentage of input was calculated by RT-qPCR based upon the intensity of the amplified *FLI1* DNA divided by the amplified input DNA. Amplified DNA was also resolved on a 2% agarose gel and illustrated in [Fig. 3E](#f3-ijo-56-02-0430){ref-type="fig"} (right panel).

RNA preparations and RT-qPCR
----------------------------

Total RNA was extracted from the growing culture of HEL cells using TRIzol reagent (Life Technologies; Thermo Fisher Scientific) according to the manufacturer's protocol. A NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) was used to determine the RNA concentration. To generate cDNA, the reverse transcription reaction was performed using the PrimeScript RT Reagent kit (Takara). qPCR was performed using FastStart Universal SYBR-Green Master (Roche) and the Step One Plus Real-time PCR system (Applied Biosystems). The expression was normalized to the β-actin level. The primer sequences are presented in [Table SII](#SD1-IJO-56-02-0430){ref-type="supplementary-material"}. Three biological triplicates were used for all RT-qPCRs, each in triplicate (n=3). The primer efficiency was calculated and is summarized in [Table SII](#SD1-IJO-56-02-0430){ref-type="supplementary-material"}.

shRNA and siRNA transfection
----------------------------

The sh-FLI1 expression construct (FLI1-shRNA) was as previously described ([@b18-ijo-56-02-0430]). The Mknk1 siRNAs (Mknk1-si1-si3) and control scrambled plasmids were purchased from (GenePharma). The sequences are presented in [Table SII](#SD1-IJO-56-02-0430){ref-type="supplementary-material"}. The transfection of these siRNAs into the HEL cells was performed using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen; Thermo Fisher Scientific), and as previously described ([@b18-ijo-56-02-0430]).

Western blot analysis and inhibitor drugs
-----------------------------------------

The procedure used for western blot analysis was as previously described ([@b18-ijo-56-02-0430],[@b23-ijo-56-02-0430]). Polyclonal rabbit antibodies against MKNK2 (Cat. no. ab84345), eIF4E (Cat. no. ab33766), phospho-eIF4E (Cat. no. ab76256), cMYC (Cat. no. ab39688) and FLI1 (Cat. no. ab133485) were all purchased from Abcam; MKNK1 (Cat. no. 2195) and survivin (Cat. no. 2808) antibodies were obtained from Cell Signaling Technology); GAPDH (Cat. no. G9545) antibody was obtained from Sigma-Aldrich; β-actin antibody (Cat. no. 20536-1-AP) was obtained from Proto-Technology (Protein-Tech); goat-anti-mouse and goat anti-rabbit HRP-conjugated antibodies were obtained from Cell Signaling Technology (Cat. nos. 5470s and 5151s, respectively). Primary antibodies were added to the filters and incubated overnight at 4̊C. After washing, secondary antibodies were added for 1 h at room temperature. Antibody dilution was according to the manufacturer's instructions. The Odyssey system (LI-COR Biosciences) was used to image proteins in western blot analysis.

The inhibitor of MKNK1 (CGP57380) was obtained from Selleckchem. The Fli-1 inhibitors, A1544 and A1545, were used as previously described ([@b22-ijo-56-02-0430]).

Statistical analysis
--------------------

Statistical analysis was carried out using the two-tailed Student t-test with significance considered at P\<0.05, and by one-way ANOVA with Tukey's post-hoc test, using Origin 3.5 software (Microcal Software). The results were expressed as the means ± standard deviation from at least 3 independent experiments.

Results
=======

FLI1 expression is associated with MKNK1 expression in leukemic cell lines
--------------------------------------------------------------------------

The authors have previously reported that the anti-FLI1 A1544 and A1545 compounds downregulate the phosphorylation of eIF4E in leukemic cell lines ([@b22-ijo-56-02-0430]). Accordingly, in this study, the expression of MKNK1, an upstream regulator of eIF4E, was found to be lower in the HEL cells treated with the A1544 and A1545 compounds (3 *µ*M), compared to the control DMSO-treated cells ([Fig. 1A](#f1-ijo-56-02-0430){ref-type="fig"}). This and related analyses raised the possibility that FLI1 may regulate *MKNK1* expression. Indeed, in the cell lines expressing FLI1 (HEL, CB7 and DP17), the expression of this oncogene was positively associated with MKNK1 expression ([Fig. 1B](#f1-ijo-56-02-0430){ref-type="fig"}). In the FLI1-negative cell lines, K562 and KH16, MKNK1 expression was relatively high, indicating different mechanisms of gene regulation. However, when FLI1 expression was induced by doxycycline in the K562 cells transfected with a doxycycline inducible promoter ([@b18-ijo-56-02-0430]), the increased FLI1 expression resulted in a higher MKNK1 protein ([Fig. 2A](#f2-ijo-56-02-0430){ref-type="fig"}) and mRNA ([Fig. S1](#SD1-IJO-56-02-0430){ref-type="supplementary-material"}) expression compared to the non-induced control cells ([Fig. 2A](#f2-ijo-56-02-0430){ref-type="fig"}). In HEL cells expressing high levels of FLI1, the anti-*FLI1* shRNA-mediated silencing resulted in a lower MKNK1 protein abundance ([Fig. 2B](#f2-ijo-56-02-0430){ref-type="fig"}) and mRNA ([Fig. 2C](#f2-ijo-56-02-0430){ref-type="fig"}) expression. Moreover, in murine DP17 cells with a lower FLI1 expression, the exogenous expression of FLI1 markedly increased MKNK1 expression ([Fig. 2D](#f2-ijo-56-02-0430){ref-type="fig"}). Overall, these data strongly suggest that FLI1 regulates MKNK1 expression in both murine and human cells.

FLI1 binds to the murine Mknk1 promoter and positively regulates its expression
-------------------------------------------------------------------------------

The promoter of murine *Mknk1* contains a putative FLI1 binding site (ACCGGAAGT) at position -403 to -395 ([Fig. 3A](#f3-ijo-56-02-0430){ref-type="fig"}). Fragments of the *Mknk1* promoter regions (designated as Mknk-A and Mknk-B) were subcloned upstream of the luciferase reporter plasmid PGL3 ([Fig. 3B](#f3-ijo-56-02-0430){ref-type="fig"}). These promoters were transfected with *FLI1* (MigR1-*FLI1*) or control (MigR1) expression vectors into 293T cells, examined for FLI1 expression ([Fig. S2](#SD1-IJO-56-02-0430){ref-type="supplementary-material"}) and later for luciferase activity. The Mknk-A promoter fragment displayed a significantly higher luciferase activity than the other constructs ([Fig. 3C](#f3-ijo-56-02-0430){ref-type="fig"}). The putative FLI1 binding site within Mknk-A was subsequently mutated ([Fig. 3B](#f3-ijo-56-02-0430){ref-type="fig"}, bottom insert) and tested for luciferase activity. The mutation of the FLI1 binding site (ACCGGAAGT to ACCCCAAGT) within Mknk-A completely blocked promoter activity ([Fig. 3D](#f3-ijo-56-02-0430){ref-type="fig"}). ChIP assay using FLI1 antibody and control IgG was performed on chromatin fragments of the *mknk1* promoter isolated from sheared genomic DNA of mouse CB7 cells. This analysis revealed significant binding of FLI1 to the *Mknk1* promoter having a Fli-1 binding site (FBS), relative to input ([Fig. 3E](#f3-ijo-56-02-0430){ref-type="fig"}). This binding was not observed by ChIP analysis in the immediate upstream region of the *Mknk1* promoter (designated FBS-NC), lacking FLI1 binding site ([Fig. S3](#SD1-IJO-56-02-0430){ref-type="supplementary-material"} and [Table SII](#SD1-IJO-56-02-0430){ref-type="supplementary-material"}). These results demonstrate that the murine *Mknk1* promoter is a direct target of FLI1.

siRNA-mediated MKNK1 silencing suppress the proliferation of leukemic cells in culture
--------------------------------------------------------------------------------------

To examine the effects of *MKNK1* expression on proliferation, siRNA was used to silence the gene in HEL cells. All 3 siRNAs (Mknk1-si1, Mknk1-si2 and Mknk1-si3) markedly suppressed MKNK1 expression ([Fig. 4A](#f4-ijo-56-02-0430){ref-type="fig"}); Mknk1-si1 was used in the subsequent experiments. The siRNA-mediated downregulation of *MKNK1*, as detected by western blot analysis and RT-qPCR ([Fig. 4A and B](#f4-ijo-56-02-0430){ref-type="fig"}), resulted in a significant suppression of proliferation compared to the scrambled control-transfected cells ([Fig. 4C](#f4-ijo-56-02-0430){ref-type="fig"}). Of note, the induction of FLI1 in K562-fli1 inducible cells did not increase the level of MKNK2 ([Fig. 4D](#f4-ijo-56-02-0430){ref-type="fig"}). Since MKNK1 was induced by FLI1 in this system ([Fig. 2A](#f2-ijo-56-02-0430){ref-type="fig"}) and downregulated by shFLI1 ([Fig. 2B](#f2-ijo-56-02-0430){ref-type="fig"}), this result excluded MKNK2 as a target of FLI1 ([Fig. 4D](#f4-ijo-56-02-0430){ref-type="fig"}). Thus, while MKNK1 downregulation clearly inhibited cell proliferation, FLI1 altered cell proliferation in part through the specific upregulation of this gene.

Regulation of survivin (BIRC5) by FLI1 through the MKNK1 pathway
----------------------------------------------------------------

Previous studies have suggested that *MYC* (cMYC) expression is downstream of the MKNK1 pathway ([@b22-ijo-56-02-0430],[@b24-ijo-56-02-0430]). However, in this study, while the anti-FLI1 compounds, A1544 and A1545, and the specific MKNK1 inhibitor, CGP57380, markedly inhibited MKNK1 and downstream phospho-eIF4A expression, the level of MYC remained unaltered by treatment with A1544 and A1545 ([Fig. 5A](#f5-ijo-56-02-0430){ref-type="fig"}). Indeed, a significant increase in MYC expression was observed in the CGP57380-treated HEL cells. This observation excluded M*YC* translational regulation by MKNK1 in these cells.

The FLI1 inhibitors, A1544 and A1545, have previously shown to inhibit anti-apoptotic protein BIRC5 expression through the suppression of eIF4E ([@b22-ijo-56-02-0430]), in which the high expression of this protein in leukemia cells facilitates cell growth ([@b22-ijo-56-02-0430],[@b25-ijo-56-02-0430]). In this study, since eiF4E phosphorylation and its activity were regulated by MKNK1, the si1-mediated silencing of *MKNK1* in 2 independent experiments resulted in a marked decrease in the expression of BIRC5 protein ([Fig. 5B](#f5-ijo-56-02-0430){ref-type="fig"}), but not its mRNA expression ([Fig. 5C](#f5-ijo-56-02-0430){ref-type="fig"}). Notably, in this study, *MKNK2* expression was slightly downregulated, although the level of *MKNK1* was significantly decreased ([Fig. 5C](#f5-ijo-56-02-0430){ref-type="fig"}). As predicted, induction of FLI1 in K562 inducible fli1 cells by doxycycline significantly increased survivin expression ([Fig. 5D](#f5-ijo-56-02-0430){ref-type="fig"}). Moreover, the upregulation of survivin expression following induction by doxycycline in K562-fli1 cells was partially blocked through the si1-mediated downregulation of Mknk1 ([Fig. S4](#SD1-IJO-56-02-0430){ref-type="supplementary-material"}). These results demonstrate the regulation of BIRC5 by the FLI1/MKNK/eIF4E pathway.

Association between miR-145, FLI1 and MKNK1 in regulating protein translation in leukemic cells
-----------------------------------------------------------------------------------------------

Previous studies by the authors, as well as others have revealed a negative regulation of the miR-145 promoter by FLI1 ([@b21-ijo-56-02-0430],[@b26-ijo-56-02-0430]-[@b29-ijo-56-02-0430]), and the inhibition of FLI1 mRNA translation by miR-145 ([@b26-ijo-56-02-0430]), establishing a negative regulatory loop ([@b21-ijo-56-02-0430],[@b26-ijo-56-02-0430]). The anti-FLI1 compounds A1544 and A1545 have been previously shown to target the proto-oncogene serine/threonine-protein kinase c-RAF for inhibition, leading to suppression of MAPK/ERK and inhibition of FLI1 translation ([@b22-ijo-56-02-0430]). However, the mechanisms through which MAPK/ERK activation controls FLI1 translation remain unknown. In this study, it was demonstrated that both the A1544 and A1545 compounds significantly increased the level of miR-145 in the HEL cells ([Fig. 6A](#f6-ijo-56-02-0430){ref-type="fig"}). Since MAPK/ERK activation blocks miR-145 expression ([@b30-ijo-56-02-0430]), A1544 and A1545 likely suppress FLI1 translation and subsequently MKNK1 expression through miR145 upregulation ([Fig. 6B](#f6-ijo-56-02-0430){ref-type="fig"}). These results emphasize the important role played by FLI1 in the regulation of translation through both miR-145 and *MKNK1*.

Discussion
==========

FLI1 has emerged as a potent oncogene in the development of various types of cancer through the regulation of multiple downstream pathways. Although protein translation has been implicated in FLI1 tumorigenesis, the underlying mechanisms have not yet been elucidated. To the best of our knowledge, this study identified for the first time the translation initiator regulator gene *MKNK1* as a target of FLI1. This study demonstrates that FLI1 binds a specific site in the *Mknk1* promoter to activate its transcription. This in turn confers proliferative advantages to leukemic cells. Survivin (*BIRC5*) was identified as a downstream target of the MKNK1/eIF4E pathway, the expression of which is known to be involved in cell survival and proliferation ([@b31-ijo-56-02-0430]). These data further emphasize the importance of targeting *FLI1* or its downstream genes for cancer therapy.

The overexpression of FLI1 in both human and murine cells clearly resulted in a higher MKNK1 expression. While a canonical FLI1 binding site was identified in the vicinity of the transcription start site in the mouse *Mknk1* promoter, the location of this binding site in humans remains to be determined in future studies. However, in human leukemic cells, the downregulation of FLI1 by shRNA, drugs or its overexpression, resulted in the significant reduction or increase in the expression of MKNK1, respectively. These results strongly suggest a direct regulation of the *Mknk1* gene by FLI1 in both mice and humans.

In gene knockout experiments, both *Mknk1* and *Mknk2* have been found to be dispensable for normal development, although higher levels of both genes in various cancer cells are associated with growth properties ([@b10-ijo-56-02-0430],[@b11-ijo-56-02-0430]). While *MKNK2* is not a direct target of FLI1, the loss or overexpression of *MKNK1* appears to have small or marginal effect on the expression of *MKNK2*, respectively. Moreover, the inhibition of *MKNK1* expression by either a FLI1 inhibitor ([@b22-ijo-56-02-0430]) or siRNA significantly suppressed leukemic cell proliferation. These results demonstrate that targeting MKNK1/eIF4E or its upstream regulators, such as the MAPK pathway and FLI1, may be a potent approach for cancer therapy, particularly for cancers which are driven by FLI1.

A previous study by the authors demonstrated the suppression of phospho-eIF4E by anti-FLI1 compounds through both the inhibition of MAPK/ERK and the downregulation of *FLI1* ([@b22-ijo-56-02-0430]). *MYC* and cyclin D1 (*CCND1*) are two genes reported to be regulated by MKNK1/eIF4E in multiple myelomas ([@b22-ijo-56-02-0430],[@b24-ijo-56-02-0430]) However, the findings of this study clearly revealed that the expression of MYC was not altered through the suppression of MKNK1/eIF4E activity. However, BIRC5 protein expression, but not its transcription, was found to be downregulated when MKNK1 expression was suppressed either by anti-FLI1 compounds or siRNA; or upregulated when FLI1 was overexpressed in leukemic cells. Survivin is a member of the inhibitor of apoptosis (IAP) family of proteins that play a critical role in suppressing apoptosis and regulating the cell cycle ([@b31-ijo-56-02-0430]). Due to these properties, *survivin* has been identified as an important target for cancer therapy ([@b32-ijo-56-02-0430]). The identification of other genes that are directly regulated by the MKNK1/eIF4E pathway will further increase our understanding of tumor progression by FLI1 and MKNK1.

In conclusion, in this study, *MKNK1* was identified as a downstream target of *FLI1*, which can alter the translation of specific downstream targets, leading to tumor progression. Survivin was identified as a potential target of MKNK1; however, the existence of other factors that further orchestrate protein synthesis and cancer progression by FLI1 is also possible and thus further studies are warranted to fully investigate this matter.
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![Association between *FLI1* and MKNK1 expression in leukemic cell lines. (A) Western blot analysis showing that the downregulation of FLI1 by anti-FLI1 compounds A1544 and A1544 resulted in the suppression of MKNK1 expression in the HEL leukemia cell line. (B) Identification of a positive association between FLI1 and MKNK1 expression in the indicated cell lines. β-actin was used as a loading control. Rd, relative density; *FLI1*, friend leukemia integration 1; MKNK1, mitogen-activated protein kinase (MAPK)-interacting serine/threonine kinase 1.](IJO-56-02-0430-g00){#f1-ijo-56-02-0430}

![FLI1 modulates MKNK1 expression in leukemia cell lines. (A) In K562 cells expressing FLI1 inducible plasmid (K562-fli1), the induction of FLI1 by addition of doxycycline (5 *µ*M) for 1 day resulted in an increased MKNK1 expression. (B and C) Downregulation of *FLI1* by FLI1-shRNA resulted in the suppression of MKNK1 (B) protein and (C) mRNA expression in HEL cells. Asterisk (\*) indicates the percentage of *Fli1*- mRNA suppression in FLI-shRNA transfected cells. (D) Overexpression of *FLI1* in DP-17 cells increased MKNK1 expression. ^\*\*^P\<0.005. FLI1, friend leukemia integration 1; MKNK1, mitogen-activated protein kinase (MAPK)-interacting serine/threonine kinase 1.](IJO-56-02-0430-g01){#f2-ijo-56-02-0430}

![FLI1 positively regulates the *Mknk1* promoter. (A) Murine *Mknk1* gene contains a putative FLI1 binding site at nucleotide positions -403 to -395 (shown by arrow). (B) Construction of different region of the *Mknk1* gene upstream of the reporter plasmid PGL3. Insert shows the mutations within the FLI1 binding site in the Mknk1-A promoter. (C) Luciferase assays of indicated plasmids after transient transfection into 293T cells. (D) Luciferase activity of Mknk1*-*A and Mknk1*-*Amut when compared to PGL3-Basic vector. (E) Chromatin immunoprecipitation (ChIP) assay for the binding of murine FLI1 to a region in the *Mknk1* promoter that contains the FLI1 binding site. ^\*\*^P\<0.005. FLI1, friend leukemia integration 1; MKNK1, mitogen-activated protein kinase (MAPK)-interacting serine/threonine kinase 1.](IJO-56-02-0430-g02){#f3-ijo-56-02-0430}

![*MKNK1* downregulation inhibits the proliferation of leukemic cells. (A) *MKNK1* downregulation using 3 siRNA constructs (Mknk1-si1-Mknk1-si3), detected by western blot analysis. (B and C) In HEL cells, the (B) downregulation of *MKNK1* by Mknk1-si1, (C) resulted in significant growth inhibition in culture. (D) FLI1 overexpression in K562 (K562-fli1) cells by doxycycline increased FLI1 level, but exhibited a marginal effect on the expression of MKNK2. GAPDH was used as a loading control. ^\*\*^P\<0.005. FLI1, friend leukemia integration 1; MKNK, mitogen-activated protein kinase (MAPK)-interacting serine/threonine kinase.](IJO-56-02-0430-g03){#f4-ijo-56-02-0430}

![*MKNK1* downregulation inhibited survivin expression in leukemic HEL cells. (A) Treatment of HEL cells with A1542, A1543 or CGP57380 compounds (3 *µ*M) downregulated MKNK1 and phospho-eIF4E, but not cMYC expression. (B) *MKNK1* silencing by Mknk1-si1 in 2 independent experiments significantly decreased (B) the expression of survivin protein, (C) but not its transcription, as detected by RT-qPCR, compared to scrambled control transfected cells. (D) FLI1 overexpression in K562 (K562-fli1) cells by doxycycline increased both MKNK1 and survivin expression. FLI1, friend leukemia integration 1; MKNK, mitogen-activated protein kinase (MAPK)-interacting serine/threonine kinase.](IJO-56-02-0430-g04){#f5-ijo-56-02-0430}

![Anti-FLI1 compounds inhibit FLI1 expression through the upregulation of miR-145. (A) Treatment of HEL cells with the indicated drugs (3 *µ*M) resulted in upregulation of miR145, as detected by RT-qPCR. ^\*\*^P\<0.005. (B) A model of FLI1 regulation and its downstream effectors. The inhibition of RAF by anti-FLI1 compounds A1544 and A1545 resulted in the suppression of MAPK/ERK, as well as FLI1 protein expression. MAPK/ERK inhibition by the compounds upregulate miR-145 whose expression negatively regulates FLI1 protein expression. FLI1 downregulation, as well as suppression of MAPK/ERK, both then reduce expression of MKNK1, the phosphorylation of eIF4E and downstream*survivin. FLI1* downregulation by A1544 and A1545 compounds alters the expression of various target genes associated with the induction of differentiation, cell cycle and apoptosis, as previously described ([@b15-ijo-56-02-0430]). FLI1, friend leukemia integration 1; MKNK, mitogen-activated protein kinase (MAPK)-interacting serine/threonine kinase; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase.](IJO-56-02-0430-g05){#f6-ijo-56-02-0430}
